Abstract: Poly(vinylidene difluoride) (PVDF) has piezoelectric properties suitable for numerous applications such as flexible electronics, sensing and biomedical materials. In this study, individual fibers with diameters ranging from 17-55 µm were processed using melt electrowriting (MEW). Electroactive PVDF fibers can be fabricated via MEW, while the polymer could remain molten for up to ten hours without noticeable changes in the resulting fiber diameter. MEW processing parameters for PVDF were investigated, including applied voltage, pressure and temperature. A rapid fiber characterization methodology for MEW that automatically determines the fiber diameters from camera images taken of microscope slides was developed and validated. The outputs from this approach followed previous MEW processing trends already identified with different polymers, although overestimation of the < 25 micron fiber diameters was observed. The transformation of the PVDF crystalline phase to the electroactive bphase -without poling -was confirmed using piezo-force microscopy and revealed that the PVDF fibers possess piezoelectric responses showing d 33~1 9 pm/V.
Introduction:
Additive manufacturing (AM), also termed 3D printing, comprises of numerous fabrication technologies that use layer-by-layer principles to fabricate an object (1) .
Nozzle-based direct-writing is a significant and important class within AM, and is commonly performed with polymer melts (2), shear-thinning hydrogels (3, 4) or colloidal ink formulations (5) . For viscous fluids including polymer melts, there are lower dimensional limits to the extruded diameter, due to a physical phenomenon termed the Barus effect also known as die/extrudate swell (6) . Recently, there is an increasing number of publications that circumvent the effects of die swell through the application of a high voltage as the material is being extruded at low flow rates (7) . The enhanced, electrostatic drawing of the fluid as it passes out of the nozzle is situated within the broader area of electrohydrodynamic jetting (8) , where continuous filaments or noncontinuous droplets are precisely placed onto a collector. In this study, we employ melt electrowriting (MEW) (7) , which is distinct from electrospinning (9) , in that electrical instabilities are suppressed to precisely place fibers but sufficient to maintain a fluid column from breaking at low flow rates (10) .
Electrospinning is one field of research that dominates recent fiber-forming research literature, due to simplicity, low-cost and ability to produce small diameter fibers (11) . The promotion of electrical instabilities within a charged fluid jet, and a long jet path to aid in solvent evaporation readily result in nano-and ultra-fine fibers. A major challenge with applying AM principles to electrospinning is that the fiber placement cannot be controlled well enough for precise layer-by-layer fabrication. Polymer melts can also be electrospun (12) but can be effectively direct-written due to their typically higher viscosity which results in a stable liquid/molten jet and rapid solidification (13) .
Electrospun fibers from melts tend to have (but not always) larger diameters than those obtained from a polymer solution (14) , but significantly smaller diameters than most direct-written, extruded polymer melts (15) . Such well-placed micron-diameter fibers provide mechanical and biological properties not seen with solution electrospun meshes (16, 17) and bridge the gap in a size regime that is relevant for numerous applications.
To date, only five polymers, namely poly(ε-caprolactone) (PCL), poly(propylene), poly(2-ethyl-2-oxazoline), poly(urea-siloxane) and poly(L-lactide-co-ε-caprolactone-co-acryloyl carbonate), have been shown to be processable via MEW (18) (19) (20) (21) (22) . To successfully establish MEW for different polymers, it is typically required that a preliminary investigation is undertaken to determine the influence of printing parameters on the fiber diameter and placement. Such an analysis establishes a basis for understanding the range of parameters over which the polymer can be processed, hence revealing what fiber diameters and 3D printing resolution can be achieved. Many instrument parameters have an influence on the MEW jet (Figure 1) , and consequently the resultant fibers and scaffolds (23) , making the establishment of appropriate printing conditions a multi-parameter challenge.
In this study, poly(vinylidene fluoride) (PVDF) was chosen as a candidate for processing via MEW. It is a well-known polymer with electroactive properties and has been previously fabricated as a fiber mat by solution electrospinning (24) , to provide a system with enhanced electroactive properties (25) . The electroactivity of PVDF is mainly based on the transformation of the non-electrically active a-crystalline phase to electroactive b-crystalline phase. It was reported that such transformation can be performed using particle addition (26) , electrospinning (27) , or poling (28) . Since the MEW technique is similar to solution electrospinning it is expected that this technique can be applicable for the fabrication of the fibers with enhanced b-crystalline phase and thus with promising piezoelectric activity.
Previous reports have demonstrated that parameters such as the flow rate of molten polymer from the nozzle, the applied potential difference between the nozzle and collector, the collector speed and the collector distance (the distance between the nozzle and the collector) defines the morphological properties of a directly-written fibers (23) (Figure 1 ). Given this multi-parametric nature of MEW, the ability to measure a large number of samples become essential to optimize the parameters. The primary method for measuring fiber diameters is scanning electron microscopy (SEM), however from a practical perspective, it is both time-consuming and an expensive method to quantify the diameter of fibers when so many parameters require investigation. This is further exacerbated when fibers are printed at least in triplicate, and all samples require inclusion within the data set.
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Finally, the elevated temperature necessary for MEW and the prolonged residence time in the electrically-heated chamber and nozzle, the thermal degradation of the printed polymer is another factor that requires consideration (21) . With such a large parameter set relevant for MEW (Figure 1 ), it becomes clear that methods for processing a significant quantity of data become necessary. For this purpose, the use of SEM has limited efficacy in the high-throughput analysis of MEW fibers.
Previously, software specifically designed for the analysis of micrographs containing fibers have proven to be highly useful for the bulk analysis of solution electrospun scaffolds, especially for non-woven mats which are intrinsically difficult to measure due to the stochastic nature of the deposited fiber. However, since the MEW fibers often have micron-scale diameters, we can explore the combination of optical microscopy with such experimental design, to generate a powerful tool in understanding the different instrument parameters that affect MEW processing.
In this study, we establish MEW with PVDF and introduce a protocol for using ImageJ and the plug-in DiameterJ for extracting information on the fiber diameters using optical methods. The development of automated measurement of fiber diameter is advantageous for the characterization of hundreds or even thousands of samples in a relatively short period of time with minimal input from the user. The automated measurement process prevents user bias as the entirety of the sample, including outliers such as long beading (23) , are included in the measurement, thus painting a more accurate and complete picture of direct-writing conditions. To further analyze the properties of the PVDF fibers, electroactivity measurements on the MEW fibers were performed. The capacity to produce fine 3D printed piezoelectric structures through MEW may pave the way for novel applications in compact sensing or energy harvesting technologies (27, 29) .
Materials and Methods

Materials
Poly(vinylidene difluoride) (Piezotech Kynar RC10.287) was received as a generous gift from Piezotech (Pierre-Benite, France). The white, odorless powder was used as received. Glass microscope slides (VWR, ground edge, cat # 631-1552) were chosen as a printing substrate in order to facilitate the use of optical microscopy for imaging and to enable easy handling of the structures. The slides were first prepared by rinsing in deionized water and subsequent washing in 100% ethanol. The slides were then wiped with microfiber tissue and allowed to air dry. Once dry, 4 mm wide strips of double-sided tape were applied to both long edges of one face. The purpose of the double-sided tape was to ensure the scaffold did not lift or detach from the surface during printing or imaging. This approach readily allowed for both analysis of fibers as no region of importance was obstructed, and ensured the printed material would remain stable and well-orientated on the slide during handling. Clean glass syringes (Fortuna Optima 3 mL
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Luer Lock) were fully loaded with the polymer powder then compacted using a plunger.
This process consistently resulted in an initial volume of 1.0 ± 0.2 mL of PVDF melt in the syringe and also reduced the formation of bubbles.
MEW Printing Sequence
Three different driving pressures were tested per slide for a total of six pressures over two slides -this constituted a single run ( Figure 2 ). For each pressure setting, consecutive fiber triplets within the array were printed with collector speeds ranging from 1800 mm/min to 5000 mm/min at 400 mm/min increments. This arrangement enabled for 54 combinations of parameters to be investigated using only two microscope slides.
Between each pressure transition, a stabilization routine was performed, whereby a deposition of fibers was electrowritten off the collector slide for a three-minute duration.
This was done to mitigate some of the instability that is commonly seen when transitioning to a different applied pressure (31) . To measure temperature dependent changes over time, each set of two slides (corresponding to one parameter sweep) were printed at t=0 h, 0. 
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Image Processing of Fibers
The analysis of the PVDF fibers was performed using the image processing tool DiameterJ, a plug-in for the ImageJ/Fiji software (32) . DiameterJ is open source nanofiber diameter measurement tool which employs the use of Euclidean distance transforms on a binary segmented image of the fibers in order to determine their centerline and diameter. The tool was initially created for the analysis of solution electrospun fibers imaged through electron microscopy (32) and has been used extensively for fiber analysis applications (33, 34) . The tool relies on several sub-packages such as Segment within the ImageJ/Fiji application to function: conversion from an 8-bit micrograph to a binary image is achieved using a Statistical Region Merging algorithm (32) to define the threshold between the borders of the fibers and the background (Figure 2A-C) . Upon noise reduction and computation of fiber diameters, a histogram containing all measured diameters in the image is generated.
SEM Imaging
SEM imaging of the MEW-processed fibers and scaffolds was performed on a
Crossbeam 340 (Carl Zeiss Microscopy GmbH, Germany) with all samples imaged uncoated.
b-phase content calculation
As previously published by several research groups (35, 36) , the b-phase content can be calculated from the FTIR spectra according to the equation 1: 
Piezoresponse Force Microscopy switching spectroscopy
The secondary goal of this project was to measure the piezoelectric response of the PVDF fibers. Piezoresponse Force Microscopy Switching Spectroscopy (PFM-SS) was undertaken on uniaxial fiber arrays (similar to those described previously) to monitor their vertical displacement in different voltages. Slides were cleaned using the aforementioned techniques and sputter coated with a 4 µm gold layer. 
Results and Discussion
Based on the DSC, TG and rheology data, 190 ± 1 °C was chosen as the processing temperature for PVDF, as it provided a good combination of polymer stability and flow characteristics as determined by preliminary rheological measurements. Visual observations showed that prolonged heat exposure caused the polymer to turn dark brown. It is assumed that within the PVDF a low molar mass additive/residual decomposes, which leads to the darkening. The melting point of PVDF was found to be at 170 °C while recrystallization occurred at 131 °C in the second heating/cooling cycle ( Figure 3A ). The MEW processing temperature was 20 °C above the melting point. For stable MEW processing, a stable viscosity profile over time is essential. At a constant shear rate of 2 s -1 , the viscosity of a PVDF melt remains constant at 110 Pa‧ s for 5 h at 190 °C ( Figure 3B ). This indicates that minimal thermal degradation occurs in this period. Figure 3C ) showing a shearthinning behavior that is generally expected for polymer melts (38) . Even though there was some darkening of the polymer, no thermal degradation could be detected by thermogravimetric analyses and the mass remains constant at 100 %. (Figure 3B ).
Shear thinning is observed down to approximately 70 Pa‧ s (
Therefore, all data suggest sufficient stability of PVDF during MEW processing despite the observed darkening.
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Characterization Using ImageJ
Linear arrays of PVDF fibers made over a series of processing conditions were electrowritten onto glass microscope slides (Figure 2 ). An image analysis of fiber characteristics can therefore be correlated with various processing parameters. This means when a processing parameter is altered, only a few fibers based on these conditions are made and need to be measured. To allow sufficient time for jet stabilization at a new N 2 pressure parameter condition (usually 2-3 minutes), the direct writing can be performed "off-sample" for jet stabilization, before returning to deposit a set of fibers "on-sample" based on these new parameter settings -significantly increasing sample throughput.
The linear fiber arrays ( Figure 2D ) were produced using different combinations of N 2 pressure, collector speed and times as described in the methods section. The arrays were then imaged using polarization microscopy, exposure corrected, segmented and then Figure 4 reveals trends in average fiber diameter that are consistent with previous studies on MEW, with different polymers such as PCL, polypropylene and poly(2-ethyl-2-oxazoline) (19, 31, 39) . For example, increasing the applied N 2 pressure increases the diameter of the collected fiber (Figure 4 ) while increasing the collector speed reduces the diameter. There are measuring limits with this automated fiber diameter measurement; a standard deviation of ~8 µm was evident for most parameters, which is much greater than the standard deviation typically measured using SEM. However, this may also be attributed to the much larger sampling size and analysis bias virtually unavoidable using SEM. This variability was also generally seen to increase with slower collector speeds yet was also prominent when printing was performed at a 1.5 bar N 2 pressure.
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As a fiber with homogenous thickness is typically desired when performing MEW, a greater variance in diameter can serve as a method for revealing unsuitable parameter boundaries with a great level of sensitivity. Unlike the typically employed manual approaches to quantifying fiber diameter, by which the researcher may select of a subset of regions to measure (often the most visually coherent), these results are unencumbered by measurement bias and thus are a more complete representation of the PVDF scaffold sample. However, when comparing to measurements made using human visualization on the same stereomicroscope, the smaller diameters (below ~25 µm) did not match the automated measurement, with the actual diameter (e.g. ~17 µm) smaller than the automated one (e.g. ~23 µm). As shown in previous studies for MEW, there are accuracy limits for optical microscopy for diameter measurement (40). Ideally, a more powerful form of microscope, such as an objective microscope, could be used to reduce this automated diameter measurement error for the smaller fibers.
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In general, the PVDF remained processable throughout irrespective of color and no noticeable changes in the printing characteristics were evident. Constant viscosity measurement in combination with stable fiber diameters during MEW processing for up to 10 hours ( Figure 5 ), PVDF can be considered thermally stable enough for a working day using MEW.
Birefringence
Observing the PVDF fibers under polarized light microscopy revealed biaxial birefringence, with the fast and slow optical axis oriented along and perpendicular, to the fiber axis respectively ( Figure 6B ). This is evidenced by the optical extinction of the cross-polarizers during rotation ( Figure 6C ) and implies that there is a high-degree of anisotropic crystallinity within the PVDF fibers. The intensity of light at each angle could be quantified and plotted in a polar graph ( Figure 6D ).
Closer observation of fibers under polarization microscopy also revealed the presence of chevron-like segmentation along the length of the fiber ( Figure 6A ), with each segment displaying a slight graduated change in the birefringence axis along the segment. Interestingly, it was also seen that the direction of printing determined the direction the segments were pointing to, not unlike an arrowhead ( Figure 6E ). In contrast, SEM showed no discernible surface details corresponding to this, while using bright field optical microscopy, the junctions are very faintly visible under specific lighting conditions. To the best of our knowledge, this effect has not been demonstrated involving PVDF. It is hypothesized that this periodic birefringence may either be crystalline structures, or periodic cracking resulting from a thermal gradient as the fiber exits the orifice of the nozzle and cools. However, SEM images of the fiber surfaces ( Figure 7) reveal no surface features that would be associated with such cracking. Also, the fiber pulling associated the MEW seems to render melt breaking unlikely.
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3D Printability
Using the aforementioned techniques, the possibility of producing PVDF scaffolds with MEW is realized, with attainable architectures comparable to those of poly(ε-caprolactone), the current gold standard in tissue engineering applications (23) .
Figures 7A-B are SEM images of a single PVDF fiber direct-written in a box shape. The upper fiber trace can be seen crossing paths, forming over the lower fiber trace indicating some viscous properties upon landing on the collector. Such fibers could be deposited quite readily with good accuracy with minimal change in fiber diameter due to fiber pulsing (23).
Moreover, multi-layered wood-pile scaffolds, where five layers have been deposited in both x and y directions could be realized ( Figure 7C-D) . A high quality morphology with a high degree of coherence within its structure as well as an accurate deposition of the fiber is obtained. However, it was observed that due to the low dielectric permittivity of PVDF, a substantial deposition of material results in an induced dielectric field strongly opposing the external field which appears to limit the scaffold thickness.
This results in a repulsion, and subsequent cessation of the electrowriting processes, as a sufficiently strong electric field could no longer be maintained to initiate the electrohydrodynamic jetting of the molten polymer (41) . As such, a scaffold with smaller pore sizes was more restricted in attainable height. should be sufficient to scaffolds with adequate sensing capability. This was further confirmed using PFM technique.
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Piezoresponse
Using PFM, electrowritten PVDF fibers deposited onto gold coated slides were 
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Conclusion
In conclusion, there are numerous advances described in this study. We have shown for the first time that MEW of PVDF is possible and the fiber deposition can be well-controlled, enabling the fabrication of complex, 3-dimensional structures.
Moreover, the direct-written PVDF fibers exhibit sufficient transformation of the electroactive crystalline phase which reaches approx. 79%. The direct-written fibers attain a piezoresponse showing 19 pm/V which is of sufficient magnitude for use in sensing applications. Moreover, a method for the rapid analysis and characterization of MEW scaffolds was also introduced, allowing for an accurate approach to the quantification of fiber diameter while many different instrument parameters are changed.
Our results provide a solid platform upon which further studies and applications of PVDF fibers can be explored. 
